The separation and determination of metal ions has been one of the most important topics in analytical chemistry. Developing highly functional chelating agents has been a great concern of many analytical chemists. Investigations for developing new types of chelating agents have produced many highly functional chelating agents having high selectivity and/or sensitivity. [1] [2] [3] [4] [5] [6] Nowadays, the concepts of chelating agent design have been expanded for not only coordination bonding, but also molecular recognition by a host-guest interaction. [7] [8] [9] [10] [11] [12] [13] [14] [15] The establishment of molecular recognition was achieved along with the development of inclusion compounds, such as crown compounds, calixarenes, and cyclams. The attractive properties of inclusion compounds have encouraged their vigorous development by analytical chemists. Analytical investigations have proved their potential in analytical chemistry. [13] [14] [15] [16] [17] [18] [19] [20] For example, a modification of crown ethers, i.e. the introduction of a side chain into a crown ring, has already been investigated for improving crown-ring selectivity and stimulating new chromoionophore development. introduced bulky groups as "block" subunits into crown compounds to improve their recognition ability for alkali metal ion or ammonium ion as ionophores of ion-selective electrodes. Takagi et al.
Nowadays, the concepts of chelating agent design have been expanded for not only coordination bonding, but also molecular recognition by a host-guest interaction. [7] [8] [9] [10] [11] [12] [13] [14] [15] The establishment of molecular recognition was achieved along with the development of inclusion compounds, such as crown compounds, calixarenes, and cyclams. The attractive properties of inclusion compounds have encouraged their vigorous development by analytical chemists. Analytical investigations have proved their potential in analytical chemistry. [13] [14] [15] [16] [17] [18] [19] [20] For example, a modification of crown ethers, i.e. the introduction of a side chain into a crown ring, has already been investigated for improving crown-ring selectivity and stimulating new chromoionophore development. Suzuki et al. [18] [19] [20] introduced bulky groups as "block" subunits into crown compounds to improve their recognition ability for alkali metal ion or ammonium ion as ionophores of ion-selective electrodes. Takagi et al. [7] [8] [9] combined a crown ether and a chromophore to synthesize a chromoionophore for alkali-metal ions or alkaline earth-metal ions.
Our attempted description in this paper introduces a new concept to the design of a chelating agent. We directly combined a diazacrown ring and chelating groups in one molecule, and tried to produce some new functions from it. The direct combination of both functional groups might cause some interaction between them, which might produce new functions. For this purpose, we synthesized two new chelating agents of azacrown compounds, as illustrated in Scheme 1. We believed that our concept of active interaction between a diazacrown ring and functional groups is quite different from studies involving modifications of crown ethers which have so far been investigated.
In our previous work, 21 we found that the UV-VIS absorption spectra of the Ni(II) chelates of diammonium 1,4,10, 13-tetraoxa-7,16-diazacycrooctadecane-N,N′-bis(carbodithioate) (DA18CC) and the composition ratio of the Pb(II) chelate of DA18CC were changed by the addition of alkali-metal salts or alkaline earth-metal salts. We deduced that any changes in the absorption spectra and composition ratio were due to an alteration of the steric orientation of two carbodithioate groups along with a conformation change through the coordination of an alkali metal ion into diazacrown ring of DA18CC. This paper systematically considers the spectrophotometric properties of heavy-metal chelates of DA18CC and diammonium 1,4,10-trioxa-7,13-diazacycropentadecane-N,N′-bis(carbodithioate) (DA15CC) in the presence of an alkali-metal ion or an alkaline earth-metal ion. It also discusses the difference in the ring size of the diazacrown against the absorption spectra and composition ratio of the chelates.
Experimental

Reagents and apparatus
Diammonium 1,4,10,13-tetraoxa-7,16-diazacycrooctadecane-N,N′-bis(carbodithioate) (DA18CC in Scheme 1) was synthesized by a method reported earlier. 21 Diammonium 1,4, 10-trioxa-7,13-diazacycropentadecane-N,N′-bis(carbodithioate) (DA15CC in Scheme 1) was also synthesized in the same manner. The identification was confirmed by elemental analysis, IR, NMR, and mass spectrometry. Working solutions of the compounds were freshly prepared by dissolving requisite amounts in water immediately before use. Stock solutions (1000 mg/l) of Ag(I), Pd(II), and Pt(II) were of atomicabsorption standard (Kanto Chemical, Tokyo, Japan). Other stock solutions of heavy-metal ions were prepared from nitrates and standardized by chelatometric titration with ethylenediaminetetraacetate. All the other chemicals were of analytical reagent grade. The water used was purified by a Milli-Q system after being distilled and deionized.
A Hitachi Model U-2000A double-beam spectrophotometer was used for spectral measurements. pH measurements were made with a Horiba Model F-13 pH-meter.
Procedure
The testing solutions of heavy metal-DA18CC chelates were made as follows. To a 10-cm 3 volumetric flask, 1 cm 3 of 5 × 10 -4 mol dm -3 standard solution of heavy-metal ion [Ag(I), Cd(II), Co(II), Fe(II),(III), In(III), Ni(II), Pb(II), Pd(II), Pt(II) and Zn(II)]; 1 × 10 -2 mol dm -3 of alkali metal chloride (or 5 × 10 -3 mol dm -3 of alkaline earth-metal chloride); 1 cm 3 of 1.0 mol dm -3 tris(hydroxymethyl)aminomethane buffer (pH 8.0); and 1 cm 3 of 1 × 10 -3 mol dm -3 DA18CC were added. The solution was then diluted to 10 cm 3 with water. After 30 min, the UV-VIS spectra of the solutions were measured. The same procedure was used for DA15CC chelates.
Results and Discussion
Chelate formation without alkali and alkaline earth-metal ions
The chelate formation of DA18CC and DA15CC with heavymetal ions in the absence of alkali and alkaline earth-metal ions was investigated in advance of studies on the effect of alkali and alkaline earth-metal ions. Since DA18CC and DA15CC were carbodithioate derivatives, they reacted with most of heavymetal ions through their carbodithioate groups as well as diethyldithiocarbamate or pyrrolidinedithiocarbamate, which are the most common carbodithioate derivatives in analytical chemistry. 22 Typical absorption spectra of heavy-metal DA18CC chelates and DA18CC are shown in Fig. 1 . DA18CC and DA15CC had two absorption maxima at 258 nm and at 287.5 nm, which were assigned to carbodithioate groups, but did not have any absorption over 320 nm. However, the heavymetal DA18CC chelates shown in Fig. 1 reveal absorption bands over 320 nm, which were due to chelate formation. Therefore, complexation of DA18CC and DA15CC with heavy-metal ions was studied by monitoring the spectra over 320 nm.
Since carbodithioate derivatives easily decomposed under acidic condition, 22 pH 8.0 was chosen after pH optimization for the formation of DA18CC and DA15CC chelates. Most heavymetal ions rapidly formed chelates with DA18CC and DA15CC. However, some of them, such as Cd(II), Cu(II), In(III), Pb(II), and Zn(II), were somewhat unstable. Their absorbance, monitored at 330 nm began gradually decreasing over a period of 30 min after preparing the solution. It was therefore difficult to thermodynamically study the chelate formation spectrophotometrically.
Composition ratio of chelates
The composition ratio of heavy-metal DA18CC and DA15CC chelates was determined by the continuous-variation method. Plots of Ag(I) and Pb(II) chelates obtained by this method are shown in Figs. 2a and 2b , respectively, as typical cases. Possible structures of heavy-metal DA18CC and DA15CC chelates equilibrated with one another are illustrated in Scheme 2. For 1:1 chelates, there are three possible structures. The 1-1a structure in Scheme 2 is a linear polynuclear species. In a 1-1b structure, one carbodithioate group in a DA18CC (or DA15CC) binds one heavy-metal ion and the other carbodithioate group is a free form. In a 1-1c structure, two carbodithioate groups in a DA18CC (or DA15CC) bind one heavy-metal ion simultaneously. In the case of a 2:1 chelate, two carbodithioate groups in a DA18CC (or DA15CC) bind two heavy-metal ions individually. For a 1:2 chelate, two DA18CCs (or DA15CCs) reacted with one heavy-metal ion through one carbodithioate group in the individual DA18CCs (or DA15CCs). The complicated equilibrium among the species of heavy-metal DA18CC (or DA15CC) chelates was influenced by the experimental conditions, such as the solution pH, heavymetal ion concentration, and the DA18CC (or DA15CC) concentration. In addition, the concentration of alkali and alkaline earth metal ions also influenced the equilibrium. In particular, the coordination of an alkali and/or alkaline earth metal ion into the diazacrown ring seemed to hinder or accelerate the formation of a 1-1c structure. The complicated equilibrium also made it difficult to study the thermodynamics.
Influence of alkali and alkaline earth metal ions
The effect of the addition of alkali or alkaline earth-metal ions on the spectral change and the compositional change of heavymetal chelates of DA18CC and DA15CC was systematically surveyed.
Firstly, the compositional change of the heavy-metal DA18CC and DA15CC chelates was examined. As can be seen in Table 1a , the composition ratios of the Cu(II), In(III), and Pb(II)-DA18CC chelates were changed with the addition of alkali and alkaline earth-metal ions. In the case of the Cu(II) and Pb(II) chelates, the ratios (metal:ligand) changed from 1:1 to 1:2 with the addition of alkali or alkaline earth-metal ions. This could be explained by the fact that the coordination of alkali or alkaline earth metal ions into diazacrown made a 1-1c structure in Scheme 2 disadvantageous, so that the equilibrium illustrated in Scheme 2 shifted to the state where 1-2 structure was a dominant species. From the result, because the addition of alkali or alkaline earth metal ion influenced the overall equilibrium among chelate species, it could change the reactivity of DA18CC. The change in the reactivity of DA18CC was also deduced from spectral studies of the heavymetal DA18CC and DA15CC chelates described below.
Secondly, the effect of the addition of alkali or alkaline earthmetal ions on the absorption spectra of heavy-metal DA18CC and DA15CC chelates was investigated. The results obtained for DA18CC are summarized in Table 2 . The results for DA15CC chelates were similar to those obtained for DA18CC. However, the degree of change in the absorption spectra of DA15CC chelates was somewhat smaller than that of DA18CC chelates because of low flexibility of DA15CC. The flexibility of a 15-membered azacrown ring in DA15CC was lower than that of an 18-membered azacrown ring in DA18CC. Therefore, because a 1-1c structure seemed not to form in the DA15CC system, the spectral change with the addition of alkali or alkaline earth metal ion was smaller than that in the DA18CC system.
The most typical spectral change was observed in the Ni(II) chelate, as shown in Figs. 3a and 3b , which focus on the spectra near 320 nm where the change of spectra is easily observed. The spectra of the Ni(II)-DA18CC chelates in Fig. 3a were significantly influenced by the addition of an alkali-metal ion or an alkaline earth metal ion, whereas the spectra of Ni(II)-DA15CC chelate in Fig. 3b were influenced slightly. The spectra of the Ni(II)-DA15CC chelate in the presence of Rb + , K + , and Mg 2+ were similar to those in the presence of Na + . The coexistence of K + or Rb + hardly influenced the spectra of Ni(II)-DA15CC chelate. The absorption maxima at 330 nm in Fig. 3a were attributed to the chelate formation of Ni(II) with DA18CC. The addition of Mg 2+ or Na + increased the absorption of Ni(II)-DA18CC chelate. However, the addition of K + , Cs + , or Rb + decreased the absorption.
As shown in Table 1a , the coordination of smaller ions, such as Mg 2+ and Na + , into the diazacrown ring of DA18CC was advantageous in forming the 1:2 chelate. However, the coordination of larger ions, such as K + and Cs + , into the diazacrown ring made the composition ratio of the DA18CC chelate shift to an intermediate value between 1:1 and 1:2. The 1:2 chelate of Ni(II)-DA18CC seemed to be stable and easy to form, because the strain of the diazacrown ring in the 1:2 chelate was small. Therefore, the equilibrium shift toward forming a 1:2 chelate due to the addition of smaller ions facilitated the overall chelate formation and increased the absorption over 320 nm.
However, the Ag(I)-DA18CC chelate was hardly affected by the addition of alkali or alkaline earth metal ions. In the Ag(I)-DA18CC chelate, whose composition ratio (metal:ligand) was 2:1, two Ag + ions reacted individually with two carbodithioate groups in one DA18CC molecule. Therefore, a conformational change due to the coordination of an alkali-metal ion or an alkaline earth-metal ion into the diazacrown ring hardly influenced the coordination bonds between the Ag + ion and carbodithioate groups.
The behavior of the Fe(III)-DA18CC chelate was quite anomalous from those of the other heavy metal-DA18CC chelates. For complexation studies of the Fe(III)-DA18CC system, an auxiliary complexing agent was necessary to prevent precipitate formation. Although citrate was added as an auxiliary complexing agent, a white precipitate was formed with the addition of an alkaline earth-metal ion. This was contrary to our prediction. The spectra of the Fe(III)-DA18CC chelate in the presence of citrate, and an alkali or alkaline earth-metal ions are shown in Fig. 4 . The precipitate was formed only with the coexistence of four elements, such as DA18CC, Fe(III), the auxiliary complexing agent, and an alkali or an alkaline earthmetal ion. If one of these constituents was lacking, no precipitate was formed. Quite similar results were obtained for the DA15CC system.
Instead of DA18CC, the use of A18CC (ammonium 1,4,7,10,13-pentaoxa-16-azacycrooctadecane-N-carbodithioate), which has one carbodithioate group in its structure, did not form a precipitate. In addition, the sort of auxiliary complexing agents and alkali and alkaline earth-metal ions added also affected the formation of the precipitate. As shown in Fig. 4 , alkaline earth-metal ions affected the spectra of Fe(III)-DA18CC more than alkali-metal ions, such as sodium ion. Strontium ion, whose data are not shown, revealed the same effect as the other alkaline earth-metal ions. For the auxiliary complexing agents, tartarate, citrate, and nitrirotriacetate, which have four functional groups in their structures, affected the spectra of the DA18CC chelate more than oxalate, lactate and malonate, which had two functional groups in their structures. These results suggest that there were polynuclear chains consisting of coordination bonds between the carbodithioate groups in DA18CC or DA15CC and Fe(III) ions in the precipitate, and that the polynuclear chains were cross-linked with the auxiliary complexing agent and the alkali or alkaline earth-metal ions. Table 2 Influence of the presence of alkali metal chloride or alkaline earth metal chloride on relative absorbance change of DA18CC and heavy-metal DA18CC chelates
The relative absorbance change is estimated with the absorbance ratio [(Ap -Aa)/Aa}. Ap is absorbance of heavy metal-DA18CC chelate at 330 nm with alkali metal salt or alkaline earth metal chloride. Aa is absorbance of heavy metal-DA18CC chelate at 330 nm without alkali metal salt or alkaline earth metal chloride. a. Measured at 215 nm. 
